The tumor suppressor gene FHIT spans a common fragile site and is highly susceptible to environmental carcinogens. FHIT inactivation and loss of expression is found in a large fraction of premaligant and malignant lesions. In this study, we were able to inhibit tumor development by oral gene transfer, using adenoviral or adenoassociated viral vectors expressing the human FHIT gene, in heterozygous Fhit ؉/؊ knockout mice, that are prone to tumor development after carcinogen exposure. We therefore suggest that FHIT gene therapy could be a novel clinical approach not only in treatment of early stages of cancer, but also in prevention of human cancer.
The tumor suppressor gene FHIT spans a common fragile site and is highly susceptible to environmental carcinogens. FHIT inactivation and loss of expression is found in a large fraction of premaligant and malignant lesions. In this study, we were able to inhibit tumor development by oral gene transfer, using adenoviral or adenoassociated viral vectors expressing the human FHIT gene, in heterozygous Fhit ؉/؊ knockout mice, that are prone to tumor development after carcinogen exposure. We therefore suggest that FHIT gene therapy could be a novel clinical approach not only in treatment of early stages of cancer, but also in prevention of human cancer.
H
uman chromosomal fragile sites map to chromosome bands that are nonrandomly altered by translocations or deletions in human neoplasms (1) . The recombinant nature of fragile sites, possibly enhanced by environmental carcinogens, has been linked to altered expression of oncogenes or tumor suppressor genes at fragile sites (reviewed in ref. 2) . This finding implies that alteration of expression of genes at fragile sites could trigger clonal expansion of preneoplastic and neoplastic cells.
FHIT, spanning the most inducible human common fragile site, FRA3B, at chromosome 3p14.2, is thus far the only example of a frequently altered gene at a constitutive fragile region and shows hallmarks of a tumor suppressor gene (3) . The FHIT gene is altered by deletion in a large fraction of many types of cancer, including lung, breast, head and neck, cervical, bladder, esophageal, gastric and pancreatic cancer (2, 4) . FHIT is also interrupted by a translocation in a family with predisposition to the development of renal carcinomas. Fhit protein is lost or reduced in the majority of these cancers, in a large fraction of other cancer types, and preneoplastic lesions in the esophagus and lung (reviewed in ref. 4) .
Although the precise mechanism of Fhit action remains unclear, the role of FHIT as a tumor suppressor gene has been experimentally verified in cultured human cancer cells (5) . At the cellular level, Fhit has been shown to induce apoptosis and retard tumor cell proliferation in vitro and in vivo (6) (7) (8) . The murine Fhit locus, which resembles its human homolog, encompasses a common fragile site and is altered in murine cancer cell lines (9, 10) .
To further clarify the role of Fhit protein in cancer development, we inactivated one Fhit allele in mouse embryonic stem cells and established Fhit ϩ/Ϫ heterozygous and Fhit Ϫ/Ϫ homozygous mice. We previously demonstrated that Fhit ϩ/Ϫ mice are susceptible to carcinogen-induced tumor development in the esophagus and forestomach. One hundred percent of the heterozygous mice (Fhit ϩ/Ϫ ) developed multiple tumors in the forestomach and at the squamocolumnar junction (SCJ) after exposure to the carcinogen N-nitrosomethylbenzylamine (NMBA), compared with 25% of mice with intact Fhit alleles (Fhit ϩ/ϩ mice) (11) . Fhit Ϫ/Ϫ mice are even more sensitive to carcinogen than Fhit ϩ/Ϫ mice, and both heterozygous and homozygous knockout mice exhibit increased frequencies of spontaneous tumors (N.Z., V.F., L.Y.Y.F., T. Druck, R.M., C.M.C., P. A. McCue, and K.H., unpublished work), suggesting Fhit knockout mice as models for tumor treatment and prevention. NMBA induces morphologically similar esophageal lesions in rodents and human (12) . In analogy to the human distal esophagus, the mouse forestomach has an epithelial lining. The mouse SCJ, the transition zone between epithelial and glandular tissue, corresponds to the human esophago-gastric junction. These structures are commonly studied as a model system for the distal esophagus in humans. Both regions have a predilection to cancer development and the incidence of cancer in the distal esophagus is rising (13) .
Methods
Construction of the Recombinant Vectors. cDNAs for green fluorescent protein (GFP) and lacZ were obtained from expression vectors (CLONTECH). Full-length FHIT cDNA was isolated from human normal placental tissue by reverse transcription-PCR strategy (3).
Adenovirus (Ad). The recombinant adenoviral vector was constructed as described (6) . In summary, the cDNA were ligated into an adenoviral backbone vector DNA (Quantum, Durham, NC). The adenoviral vector was transfected with human fetal kidney 293 cells (Microbix, Toronto) with plaque isolation and vector purification after homologous recombination in 293 cells.
Adenoassociated Virus (AAV).
For the AAV-GFP plasmid, the GFP cDNA was linked to the promoter EF and was cloned into the KpnI and HindIII restriction sites of the multiple cloning site of pAM͞pL-WPRE-BGH poly(A), creating pAM͞pL-EF-GFP-WPRE-BGH poly(A). For the AAV-FHIT plasmid, the FHIT gene fragment was cloned into the BamHI and HindIII sites of pAM͞pL-EF-GFP-WPRE-BGH poly(A), replacing GFP with FHIT to generate pAM͞pL-EF-FHIT-WPRE-BGH poly(A). The packaging plasmid pDG was cotransfected with the corresponding vector plasmids to generate recombinant AAV-GFP and AAV-FHIT. Virus purification and titration was performed as described (14) (15) (16) .
Transgene Expression. For Ad-LacZ 100 l of virus (10 11 plaque forming units͞ml) and for AAV-GFP 100 l of virus (10 11 viral particles͞ml) was administered via an orogastric tube into the stomachs of a group of healthy mice (n ϭ 6). At 3, 7, and 14 days postviral administration mice were overdosed with pentobarbital and perfused transcardially with saline followed by 2% paraformaldehyde containing 2 mM MgCl 2 and 1.25 mM EGTA in 0.1 M phosphate buffer (pH 8.0) to inhibit endogenous ␤-galactosidase. The esophagus and stomach then were fixed briefly before cryoprotection in a 30% sucrose solution in PBS. Sections 12 m in thickness were cut on a cryostat and thawmounted onto slides. Sections were immersed briefly in 4% paraformaldehyde, washed extensively with PBS, and immersed mice (20-32 wk) were given six intragastric doses of NMBA (Ash Stevens, Detroit) over the course of 3 weeks at 2 mg/kg body weight. At 4 weeks, one group of eight animals received a single dose of Ad-FHIT (10 11 plaque-forming units͞ml), a second group of eight animals received a single dose of AAV-FHIT (10 11 viral particles͞ml, 100 l), and the third treatment group received the same dose of Ad5-FHIT and AAV-FHIT combined, necessitating a double oral volume. Twelve control animals did not receive any recombinant virus. All mice were killed 13 weeks after the initial NMBA dose.
Immunohistochemistry. After antigen retrieval, endogenous peroxidase was inhibited with 3% hydrogen peroxide, and nonspecific binding sites were blocked with normal goat serum. Slides were incubated with primary rabbit anti-human Fhit antibody against the C terminus of the human Fhit protein (1:1,000 dilution, overnight, Zymed), followed by incubation with biotinylated goat anti-rabbit antibody. Slides then were incubated with streptavidin horseradish peroxidase (Dako; 1:1,000 dilution). For proliferating cell nuclear antigen (PCNA) we used mouse mAb (1:500, Santa Cruz Biotechnology).
Results
To examine the therapeutic approach we used two viral gene delivery systems for the FHIT gene, to determine whether FHIT gene delivery to the esophagus and forestomach could prevent tumor formation in Fhit ϩ/Ϫ mice after carcinogen exposure. Ad and AAV vectors were constructed for human FHIT, lacZ encoding ␤-galactosidase, and GFP. The AAV-FHIT and Ad-FHIT were tested in vitro, and Fhit bioactivity conferred by the vectors was assessed by in vitro induction of apoptosis and in vivo suppression of tumor growth in nude mice, as described (6) .
The stability of infection in murine esophageal and gastric tissue and levels of transgene expression for both viral vectors were investigated by using the control vectors, Ad-LacZ and AAV-GFP. Comparable doses of recombinant Ad virus expressing ␤-galactosidase (Ad-lacZ) and AAV virus expressing GFP (AAV-GFP) were administered via an intragastric tube, into the stomachs of a group of six healthy mice. Mice were killed at 3, 7, and 14 days after viral administration with cryopreservation of esophagus and forestomach. As expected, 5-bromo-4-chloro-3-indolyl-D-galactopyranoside staining of mice injected with Ad-lacZ revealed blue nuclei in the epithelial layers of the forestomach 3 days postadministration (Fig. 1) . After AAV-GFP administration, GFP immunohistochemistry failed to detect transgene expression at 3 days, with clear transgene expression 2 weeks after viral administration in lamina propria and epithelial cell layers of esophagus and forestomach, confirmed by confocal microscopy imaging of expression in approximately 80% of the cells. Microscopic sections did not reveal any cytopathic effect attributable to the Ad-lacZ or AAV-GFP viral vectors (Fig. 1) .
The efficacy of Ad-FHIT and AAV-FHIT in protecting the forestomach region from the effect of carcinogen exposure was assessed in vivo with the NMBA mouse model of forestomach and esophageal cancer in Fhit ϩ/Ϫ mice (11). On bioactivation, NMBA produces benzaldehyde and an electrophilic agent that methylates DNA, resulting in the formation of the promutagenic adducts, O 6 -methylguanine (17) . NMBA induced both esophageal and forestomach tumors in mice when administered by gavage at low doses (18) . To our knowledge, NMBA is by far the most extensively used animal model for esophageal carcinogen induction in rodents. This in vivo model is relevant to human cancer, because epidemiological studies link the exposure to carcinogenic nitrosamines, NMBA in particular, to the high incidence of esophageal cancer in northern China and parts of Iran (19) (20) (21) (22) .
Fhit ϩ/Ϫ mice (age 20-32 weeks) received six doses of NMBA through oral gavage at intervals of 3 or 4 days. After 4 weeks, mice were divided into four groups: one group of 12 mice remained untreated, two groups of eight mice each received a single intragastric administration of comparable doses of Ad-FHIT or AAV-FHIT, and an additional group of eight mice received a combined administration of AAV-FHIT and Ad-FHIT. During the 10-week observation period, two of eight mice in the combined treatment group died, due to a fatal infection with aspiration pneumonia, as determined by autopsy. This was probably related to the larger volume of the oral viral dose used in this treatment group. No other side effects were observed in the remaining 34 animals. At 14 weeks after the first NMBA dose, corresponding to 10 weeks after administration of viral recombinant FHIT, mice were euthanized; the esophagus, forestomach and other organs, including digestive tract, spleen, liver and brain were removed, and were gross anatomically evaluated by four investigators. In addition, organs were fixed in 10% formalin and embedded in paraffin. Serial cross sections (4 m) were prepared for histology and immunohistochemistry.
In mice treated with oral AAV-FHIT or Ad-FHIT vectors, as well as in the combined treatment group, transduction of intestinal cells was confirmed by human Fhit protein expression in murine esophagus and forestomach sections. The human Fhit protein was detected in AAV-FHIT-and Ad-FHIT-infected mouse esophagus and forestomach, but not in sections from the intestine of untreated mice, or in the liver, lung, or brain of any AAV-FHIT-or Ad-FHIT-infected mice (Fig. 2) .
On gross examination, there was a marked difference between the three treatment groups and mice left untreated after carcinogen exposure. In the forestomach, large visible tumors, usually multiple, were seen in mice exposed to NMBA without transgene administration (Fig. 3a) , whereas in AAV-FHIT (Fig.  3d) and Ad-FHIT-treated mice (Fig. 3g) , as well as in the combined treatment group (Fig. 3j) there was a substantial reduction both in number and size of tumors. Also, on inspection of the SCJ, a clear difference between the control group and the three treatment groups was noted.
The statistical significance of the observed differences in tumor incidence between the control and treatment groups was tested by the Fisher's exact test (Table 1) . At both predilection regions of tumor development (the SCJ and forestomach), there was a significant difference between the three treatment groups combined and the control group. When treatment groups were considered separately, statistically significant differences were achieved in forestomach between AAV-FHIT versus control, as well as in SCJ between Ad-FHIT versus control and AAV-FHIT versus control.
We also performed histological examination of the esophagus and forestomach of all animals to screen for signs of tumor development. In addition to the hematoxylin and eosin staining, immunohistochemistry with the endogenous cell proliferation marker, PCNA (23), was performed in adjacent sections to evaluate the effect of FHIT gene therapy on carcinogen-induced proliferation associated with NMBA exposure.
As summarized in Table 2 , the pathology found in sections from control animals included papillomas (Fig. 3b) , focal hyperplastic lesions (FHL) and invasive carcinomas with predominance of tumors in the forestomach and at the SCJ. In contrast, in 22 of 32 sections of AAV-FHIT-treated mice (Fig. 3e ) and in 14 of 34 sections of the combined treatment group (Ad-FHIT and AAV-FHIT) (Fig. 3k) , near normal epithelia were seen.
In some animals, carcinogen-induced changes were found after FHIT transgene administration, but overall these changes were less extensive and significantly less frequent compared with the control group. An example of such a lesion, a small papilloma found in the forestomach of an Ad-FHIT-treated mouse, is depicted in Fig. 3h . The only animal that exhibited invasive carcinoma, as well as FHL, after combined treatment (Ad-FHIT and AAV-FHIT) did not show murine or human Fhit expression in the tumor (not shown).
In the control group, PCNA staining revealed a substantial increase in cellular proliferation in pathologic lesions such as FHL (not shown) and papillomas (Fig. 3c) , whereas in the three treatment groups proliferation was typically confined to the basal layer (Fig. 3 f, i, and l) . (6) 0͞6 (0) 3͞6 (50) 1͞6 (17) Forestomach: Ad-FHIT vs. control, P ϭ 0.11; AAV-FHIT vs. control, P ϭ 0.02; Ad-FHIT ϩ AAV-FHIT vs. control, P ϭ 0.08. SCJ: Ad-FHIT vs. control, P ϭ 0.005; AAV-FHIT vs. control, P ϭ 0.005; Ad-FHIT ϩ AAV-FHIT vs. control, P ϭ 0.13. Overall FHIT-treatment is effective in forestomach, P ϭ 0.01 and in SCJ, P ϭ 0.0002. For each animal, total NMBA dose was 12 mg͞kg (6 ϫ 2 mg͞kg, twice weekly); gene therapy was administered 10 days after the last NMBA dose. Besides the carcinogen-induced pathology found in some animals of the three treatment groups, no additional pathology or in vivo cytotoxic effects could be related to FHIT transgene administration, which confirms the previous in vitro observation that viral Fhit (Ad-FHIT) administration is not toxic to normal cells (6, 7) .
Discussion
Although two different recombinant viral vectors were used for FHIT administration, macroscopic and histologic examination revealed the same biological effect with both vectors: FHIT transgene resulted in a significant protection of the forestomach and SCJ against NMBA-induced tumor development in Fhit ϩ/Ϫ mice. Some studies with adenoviral vectors have described virus-related effects such as cellular immune responses triggered by viral proteins (24) , innate immune mechanisms (25) , and direct cytotoxicity caused by expression of viral genes (26) . In contrast, recombinant AAV vectors, which are devoid of all viral genes, minimize the possibility of recombination and viral gene expression (14) . Also, in vivo host immune responses to AAV thus far described are minimal (14) . Because the same biological effect was seen with both vector systems, it is unlikely that immunological responses or direct viral effects contributed to the protective effect seen with both Ad and AAV vectors in this study.
Consistent with the two-hit model, where a somatic mutation superimposed on a germ-line mutation of a tumor suppressor gene leads to tumor development, our previous in vivo study in Fhit knockout mice demonstrated that carcinogen-induced loss of expression of the second Fhit allele leads to tumor development (11). Here we report that the tumor development can be inhibited through recombinant viral FHIT gene delivery, which opens the window to therapeutic applications.
Using different transgenes, adenoviral systems have been used previously in human clinical cancer gene therapy trials. In addition, a recent human phase II clinical trial reported that intratumoral injection of selectively replicating Ad in combination with chemotherapy resulted in objective response (27) .
Because the efficacy of selectively replicating viruses can be increased by the expression of therapeutic transgenes from the virus itself (28) , FHIT would be a good candidate.
Also, the prominent in vivo biological response seen with AAV-FHIT in this trial is probably a reflection of its high efficiency in transducing gut lamina propria cells. This confirms previous studies in which high efficiency of AAV in transducing endoluminal cells in the intestine was reported (15, 16) . The human gut and the respiratory tract were found to be the normal host tissues for AAV (29) . Although not widely explored in cancer gene therapy, its nonpathogenic nature in humans and other species (29) render AAV vectors attractive for clinical use.
On the basis of our findings it will be important to explore whether local FHIT gene delivery will be effective in treating human premalignant lesions and cancers in which loss of Fhit has been implicated. Alterations of FHIT transcripts were observed in 86% of Barrett's metaplasia, a premalignant lesion of the esophagus, and in 93% of esophageal adenocarcinomas (30, 31) . This finding is in accordance with the high proportion of premalignant and malignant esophageal lesions lacking Fhit expression (31) . It is therefore tempting to relate the observed effect in the well-established rodent NMBA model of esophageal and gastric cancer to the human condition. In humans, lung cancer has been extensively studied for Fhit expression (reviewed in ref. 4) . We demonstrated that most preneoplastic lesions, as well as more than 85% of squamous cell lung cancers have lost Fhit expression (32) . In addition, loss of Fhit expression is more frequent in tumors of smokers (4) . As Fhit is lost very early in lung carcinogenesis, FHIT gene delivery has been suggested as a therapeutic target, as well as a preventive treatment for these lesions (33).
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